The adherence of ovine and human isolates of Bordetella parapertussis to ovine and human continuous culture cell lines and to ovine tracheal organ culture was compared. Adherence to non-ciliated respiratory continuous culture cells did not reveal any host-specificity of the isolates. In contrast, adherence of ovine B. parapertussis strains to ciliated ovine tracheal organ culture was significantly greater than that of human strains. These results indicate that tracheal organ culture is a useful tool for studying host-specific adherence of B. parapertussis and suggest that adherence of B. parapertussis to ciliated epithelia is species-specific making it unlikely that the transfer of B. parapertussis between humans and sheep will result in an infection. ß
Introduction
Bordetella parapertussis is a respiratory tract pathogen of humans and has also been isolated from the respiratory tracts of both healthy and pneumonic sheep [1, 2] . Ovine and human isolates of B. parapertussis are genetically distinct and there is also variation amongst isolates from the same host species [2, 3, 4] . However, biochemical analysis failed to di¡erentiate clearly between isolates from di¡er-ent host species [2, 5] . The biological relevance of this differentiation is unknown and the isolation of B. parapertussis from two di¡erent host species suggests a potential for transfer between humans and sheep.
The ability of B. parapertussis to colonise the host respiratory tract and produce disease involves adherence of the pathogen to respiratory epithelial cells. B. parapertussis is thought to achieve this by producing a variety of putative adhesins such as ¢lamentous haemagglutinin (FHA) [6] , pertactin (PRN) [7] and ¢mbriae [8] . This study compared the adherence of ovine and human B. parapertussis to ovine and human non-ciliated respiratory cell lines and to ovine tracheal organ cultures to determine whether isolates displayed host-speci¢city.
Materials and methods

Bacterial isolates
B. parapertussis ovine isolates MRI H1 and K2, isolated from sheep in Scotland and human isolates B285 (kindly provided by A. van der Zee, National Institute for Public Health and Environmental Protection, The Netherlands) and NCTC 10520 were used. Isolates were preserved by taking a heavy sweep of growth from a 48-h culture on Bordet^Gengou agar (Difco) inoculating this into a Cryobank vial (Mast Diagnostics) according to the manufacturer's instructions and storing at 370³C.
Growth of isolates
B. parapertussis isolates were grown routinely for 48 h on Bordet^Gengou agar (Difco) supplemented with 15% sheep blood and incubated at 37³C in a moist atmosphere. This was followed by growth in cyclodextrin liquid medium [9] for 72 h at 37³C.
Haemagglutination assay
This was based on the method of Ishikawa and Isayama [10] . Bacteria from cyclodextrin liquid cultures were resuspended in phosphate-bu¡ered saline (PBS, pH 7.4) and standardised to an OD 680 = 1.0. Serial doubling dilutions were made in U-well microtitre plates, each well containing 50 Wl of bacterial suspension. Fifty Wl of 1% sheep blood in PBS was added to each well and the plates were incubated at 37³C for 1 h. Each B. parapertussis isolate was tested in triplicate. The end-point titre was taken as the reciprocal of the ¢rst dilution where a button of red blood cells appeared at the bottom of the well. The greater the titre, the more haemagglutinin was produced, and this was assumed to be the adhesin FHA.
Adherence assay using cell lines
The cells were obtained from the Tissue Culture Department, MRI. Foetal lamb turbinate cells (FLT), foetal lamb lung cells (FLL) and human foetal lung cells (MRC-5) were provided in eight-well Permanox chamber slides at a concentration of 1U10 5 cells ml 31 . The foetal lamb cells were grown in Medium 199 supplemented with 15% tryptose phosphate broth and 0.65% sodium bicarbonate. Before use, 10% heat-inactivated foetal bovine serum (FBS) and 1% glutamine was added to the medium (199S). The MRC-5 cells were grown in Eagle's Minimum Essential Medium (EMEM) supplemented with 1% basic amino acid solution and 10% FBS. Bacteria were taken from 72-h cyclodextrin liquid cultures, washed three times in 199S then standardised to give an infectivity ratio of approximately 30 bacteria per mammalian cell. The mammalian cells were washed three times with Hank's balanced salt solution (Hanks) before addition of bacterial suspension to each well. The slides were incubated for 1 h at 37³C in 5% CO 2 . After incubation, the slides were washed three times in Hanks, to remove non-adherent bacteria, then ¢xed with 1% formol saline for 30 min. The slides were then Gram-stained and the number of bacteria adhering to 100 cells was counted. The adherence of each isolate to continuous culture cell lines was investigated a minimum of ¢ve times.
Adherence assay using ovine tracheal organ culture
This was adapted from the method described for baboon tracheal organ culture by Funnell and Robinson [11] . Trachea were excised from sheep and stored in Hanks solution during transportation. The trachea were then cut into rings and placed in wells of a six-well tissue culture dish (Nunc) where they were held in place with molten 1.5% (w/v) bacteriological agar. A bacterial suspension of approximately 3U10 6 cfu ml 31 in EMEM supplemented with 10% FBS and 1% HEPES was added to the inside of each ring. The rings were incubated for 1 h at 37³C in 5% CO 2 . Then washed three times in Hanks and the inside of the rings scraped using a sterile scalpel blade. The material released was suspended in EMEM and serial dilutions were plated onto sheep blood agar to determine the number of bacteria that had adhered to the tracheal rings. The adherence of each B. parapertussis isolate was tested six times by using tracheal rings from six sheep.
Statistical analyses
The results from the adherence assays were analysed by the Mann^Whitney Ranking Test. Table 1 lists the end-point of the haemagglutination assay for each B. parapertussis isolate used. All isolates agglutinated red blood cells with the ovine isolate H1 producing more haemagglutinin, presumably the adhesin FHA, than the other isolates tested. The end-point titre was taken as the reciprocal of the highest dilution at which haemagglutination occurred.
Results
Haemagglutination assay
Adherence to ovine and human cell lines
ovine isolate H1 was more adherent to these cells than the other isolates. H1 displayed greater adherence to the ovine cell lines (FLT and FLL) than ovine isolate K2 and both of the human isolates. The adherence of H1 to the human cell line (MRC-5) was also greater than K2 and the human isolate B285 but was similar to the other human isolate, NCTC 10520. Although H1 appeared more adherent to the ovine cell lines than to MRC-5 the di¡erence was not statistically signi¢cant (P s 0.05, using the MannŴ hitney test) and therefore did not demonstrate any host-speci¢city of this isolate.
Ovine B. parapertussis K2 appeared less adherent than H1 to both ovine and human cell lines, demonstrating no preference for host-cell-speci¢city. The human isolate B285 appeared to adhere more to the FLT ovine cell line than to MRC-5. The other human isolate, NCTC 10520, demonstrated greater adherence to MRC-5 than to the ovine cell lines. However, the adherence of the human isolates did not reveal a signi¢cant preference for any one particular cell type (P 6 0.05). Fig. 2 shows that the adherence of ovine isolates to ovine tracheal rings was signi¢cantly greater than that of the human isolates (P 6 0.03). There was no signi¢cant di¡erence between the adherence of the ovine isolates H1 and K2 (P s 0.05) which suggests little variation within the ovine B. parapertussis in ability to adhere to ovine tracheal organ. No signi¢cant di¡erence between the adherence of the human isolates (B285 and NCTC 10520) to ovine tracheal organ culture was observed.
Adherence to ovine tracheal organ culture
Discussion
The adherence of B. parapertussis to cell lines revealed that the isolates tested were capable of adhering to cell lines within an hour of incubation and that an inoculum of approximately 30 bacteria per cell was su¤cient for observing bacterial adherence. The adherence assay using continuous cell lines did not show any host-speci¢city of the ovine and human isolates. Although the adherence of ovine isolate H1 to ovine cell lines was greater than to the human cell line, this di¡erence was not statistically signi¢-cant. This was also the case for the human isolate NCTC 10520 which adhered more to the human cell line than to the ovine cell lines. FLT cells are ciliated in vivo but do not show this morphology in vitro while FLL cells are non-ciliated. Therefore they are not completely representative of host respiratory cells. B. pertussis has been shown to attach primarily to the cilia of human respiratory epithelial cells [12] and it is logical to assume that B. parapertussis also adheres preferentially to cilia since it possesses similar putative adhesins.
Tracheal organ culture allows the study of the adherence of Bordetella species to ciliated host epithelial cells. With ovine tracheal organ culture, a possible host-specificity of B. parapertussis was observed. The adherence of ovine isolates to ovine tracheal rings was signi¢cantly greater than the adherence of human isolates to these rings (P 6 0.03). There was no signi¢cant di¡erence between the adherence of the ovine isolates H1 and K2 to tracheal rings which suggests little variation within ovine B. parapertussis in the ability to adhere to ovine tracheal organ culture although a much larger number of ovine isolates should be tested to con¢rm this. Similarly, there was little di¡erence in adherence between the two human isolates to the ovine tracheal rings. The host-speci¢city suggested in this study is in agreement with Tuomanen et al. [13] which demonstrated, using human and animal ciliated cells, that human B. parapertussis preferentially adhered to human ciliated cells compared to those from rabbits, mice or hamsters.
The ovine isolate H1 was, overall, more adherent than the other isolates tested (Figs. 1 and 2 ). This is possibly due to the higher production of haemagglutinin (Table 1) , presumably the adhesin FHA, by H1 compared with the amount produced by the other isolates. Isolates NCTC 10520 and B285 produced similar amounts of FHA yet NCTC 10520 displayed greater adherence to the human cell line (MRC-5) than B285 whereas B285 adhered to ovine tracheal organ culture slightly more than NCTC 10520. This suggests a possible role for other adhesins, possibly PRN or ¢mbriae, in the adherence of B. parapertussis to cell lines and tracheal rings.
In conclusion, the adherence of ovine B. parapertussis to ovine tracheal organ culture appears to be host-speci¢c and suggests that transfer of B. parapertussis between humans and sheep is unlikely. The adherence to non-ciliated cell lines did not reveal any host-speci¢city of ovine and human B. parapertussis and demonstrates the importance of the presence of ciliated cells when investigating B. parapertussis adherence. 
